Soft rot enterobacteria (Dickeya and Pectobacterium) are major pathogens that provoke 16 diseases on plants of agricultural importance such as potato and ornamentals. Long term 17 studies to identify virulence factors of these bacteria focused mostly on plant cell wall 18 degrading enzymes secreted by the type II Out secretion system and the regulation of their 19 expression. To identify new virulence factors we performed a Tn-seq genome-wide screen of 20 a transposon mutant library during chicory infection followed by high-throughput 21 sequencing. This allowed the detection of mutants with reduced but also increased fitness in 22 the plant. Virulence factors identified differed from those previously known since diffusible 23 ones (secreted enzymes, siderophores or metabolites) were not detected by this screen. In 24 addition to genes encoding proteins of unknown function that could be new virulence factors, 25 others could be assigned to known biological functions. The central role of the FlhDC 26 regulatory cascade in the control of virulence was highlighted with the identification of new 27 members of this pathway. Scarcity of the plant in certain amino acids and nucleic acids 28 required presence of the corresponding biosynthetic genes in the bacteria. Their products 29 could be targets for the development of antibacterial compounds. Among the genes required 30 for full development in chicory we also identified six genes involved in the glycosylation of 31 the flagellin FliC, a modification which in some other plant pathogenic bacteria contributes to 32 virulence. 33 34 35 36 37 38 39 42 are the cause of important losses on economically important crops such as potato, chicory and 43 ornamentals. Identification and studies on the virulence factors of these bacteria have been 44 performed mostly on the model strain D. dadantii 3937 and focused mainly on three 45 domains/aspects, known to be important for disease development: plant cell wall degrading 46 enzymes, the type III secretion system and iron metabolism [2]. Secretion of plant cell wall 47 degrading enzymes has long ago been identified as the bacteria main virulence factor. Many 48 studies focused on the identification and characterization of these secreted enzymes, mostly 49 pectinases [3], of the regulators controlling their production (kdgR, pecS, pecT, hns, gacA) , 50
Introduction 40
Dickeya are broad-host range phytopathogenic bacteria belonging to the 41 Pectobacteriaceae family [1] that provoke the soft rot disease on many plant species. They LB #1 23, 152, 186 22, 647, 343 18, 748, 028 13, 166, 770 (70 %) 12, 904, 900 (69 %) 28 % 75 LB #2 30, 105, 412 27, 963, 154 18, 748, 028 15, 535, 291 (83 %) 15, 195, 582 (81 %) 22 % 88 Chicory #1 18, 925, 029 18, 748, 028 18, 748, 028 17, 535, 146 (94 %) 14, 906, 888 (79 %) 24 % 87 Chicory #2 27, 607, 717 26, 555, 297 18, 748, 028 17, 477, 706 (93 %) Genes necessary for chicory leaf maceration. We used chicory leaf infection as a model to 123 identify D. dadantii genes required for growth in plant tissues. Biological duplicates were 124 performed to insure the reproducibility of the results. Each chicory was inoculated with 10 7 125 bacteria from the mutant pool and after 2 days more than 10 10 bacteria were collected from 126 the rotten tissue. Sequencing transposon insertion sites in these bacteria followed by the TPP 127 analysis indicated a density of unique insertion in TAs comparable to that of the input 128 datasets (23-24%). Surprisingly, the results were more highly reproducible than in LB with a 7 read counts in the output datasets (chicory) versus the sum of read counts in the input (LB) 139 datasets [29] . Applied to our Tn-seq datasets and selecting only genes achieving a q-value ≤ 140 0.05, we identified 122 genes out of 4666 required for fitness in planta, as shown with the 141 volcano plot of RESAMPLING results comparing replicates grown in LB versus in planta 142 ( Fig. S2 ). From this 122 genes, we applied an additional cutoff by removing 20 genes with a 143 mean read count in LB <5 (less than 5 reads in average / TA). These genes were categorized 144 as ES or GD in LB. We also removed from the analysis 6 genes with a log 2 FC comprised 145 between -2 and 2. By applying all these criteria, we retained only 96 genes for a further 146 analysis (Fig. 2) . 92 of them were identified as GD genes in the chicory (log 2 FC ≤ 2), the 4 147 left as GA genes in the chicory (log 2 FC ≥ 2). Some of these genes, in bold in Fig 2, were 148 already known to play a role in D. dadantii virulence, confirming the validity of the Tn-seq 149 approach. Using the Kyoto Encyclopedia of Genes and Genomes (KEGG) [30], we 150 discovered that certain metabolic pathways and biological functions are very important for 151 growth in chicory (Table S3 ). We highlight some of them in the next sections of the article. (table S3 ). In the purine metabolism monophosphate (UMP) biosynthesis pathway that converts L-glutamine to UMP, a precursor 164 of uracyl, is very important in planta since carAB, pyrB, pyrC and pyrE, involved in this 165 enzymatic pathway, are all required for growth in planta (Fig. 3 ). This pyrimidine 166 biosynthesis pathway is specific to bacteria. It is noteworthy that in the human pathogen S. 167 pneumoniae, mutants of this pathway have a fitness defect in the nasopharynx of infected 168 mice [26] . Hence, it looks that the pyrimidine biosynthesis pathway is particularly important 169 for multiplication of some bacterial species in the host. of Dickeya pathogenicity. Mutants unable to produce or to secrete these enzymes by the type 182 II Out secretion system were not disfavored in chicory since these mutants could use for their 183 growth the pectin degradation compounds produced by enzymes secreted by other bacteria.
184
The redundancy of oligogalacturonate specific porins (KdgM and KdgN) and inner 185 membrane transporters (TogT and TogMNABC) allow entry of these compounds into the 186 bacteria even in a mutant in one of these transport systems. However, kduI mutants, blocked 187 9 in the intracellular part of the pectin degradation pathway, have a limited growth in planta, 188 confirming the importance of the pectin degradation pathway in the disease progression.
189
(ii) Stress resistance. Plant is an hostile environment for the bacteria that has to cope with 190 antimicrobial peptides, ROS, toxic compounds and acidic pH [31] . We observed that the 191 pump AcrABTolC, that can efflux a wide range of compounds [32] , is important for survival 192 in chicory ( Fig. S3 ). Stress can lead to the accumulation of phospholipids in the outer 193 membrane. This accumulation makes the bacteria more sensitive to small toxic molecules is unknown but their absence leads to avirulence in certain bacteria such as D. dadantii [34] .
205
This absence induces a membrane stress that is sensed and transduced by the Rcs envelope 206 stress response system. This system controls the expression of many genes, including those 207 involved in motility, and those encoding plant cell wall degrading enzymes through the 208 RsmA-RsmB system [35] [36] [37] . Thus, mutants defective in OPG synthesis are expected to have 209 a reduced virulence. Indeed, in our experiment, mutants in the two genes involved in OPG Ralstonia solanacearum [39] [40] [41] . In D. dadantii FlhDC has recently been shown to control, in 226 addition to flagellar motility, type III secretion system and virulence factor synthesis through 227 several pathways [42] . We observed that flhC gives a growth advantage in chicory. In 228 addition, we uncovered that some genes regulating flhDC in other bacteria regulate D. 229 dadantii virulence, probably by controlling flhDC expression. rsmC is a poorly characterized 230 gene in D. dadantii but that has been studied in Pectobacterium carotovorum. It negatively 231 controls motility and extracellular enzyme production through modulating transcriptional 232 activity of FlhCD [43] . HdfR is a poorly characterized LysR family regulator that controls the 233 std fimbrial operon in S. enterica and FlhDC expression in E. coli [44] . rsmC mutants were 234 overrepresented in the chicory (Fig. 4B) , indicating a gain of virulence for these mutants. The GGDEF proteins are c-di-GMP synthase. Their gene are often located next to their 238 cognate EAL diguanylate phosphodiesterase gene. ecpC (yhjH) encodes an EAL protein that 239 was shown to activate virulence factor production in D. dadantii [45] . gcpA, which is located 240 next to ecpC encodes a GGDEF protein. However, a gcpA mutant could not be constructed 241 and analysed in this previous study. We observed that gcpA mutants (Dda_03858) were 242 overrepresented in chicory (Fig. 2) . This increased virulence is a phenotype opposite to that 243 described for the ecpC mutants, indicating that overproduction of c-di-GMP could reduce D. 244 dadantii virulence.
245
Of the eighteen regulators of the LacI family present in D. dadantii, four of them were found 246 to be involved in plant infection [46] . One of those, LfcR, which has been found important 247 for infection of chicory, Saintpaulia and Arabidopsis, was identified as important for chicory 248 infection in our experiment. LfcR is a repressor of adjacent genes [46] . Surprisingly none of 249 these genes appeared to play a role for chicory infection suggesting that other targets of LfcR 250 probably remain to be discovered.
251
Finally, it is noteworthy to mention that the ackA and pta genes are GD in planta. These Dda3937_03419 mutants, respectively) showed that in the two latter strains the molecular 278 weight of the protein diminished (Fig. 5B) . The molecular weight determined by mass disease on tobacco and arabidopsis, respectively [51, 52] . Accordingly, in D. dadantii, FliC 286 modification appears important for multiplication of the bacteria in plant.
288
Additional genes could be involved in virulence 289 Several genes have a log 2 FC >4 or <-4 but do not satisfy the statistical permutation test 290 adjusted by the false discovery rate method (q-value) (table S4). However, most of them 291 belong to the categories described above and could be required for growth in planta. Among 292 those with a log 2 FC< -4 can be found genes involved in amino acid and nucleic acid synthesis 293 (cysH, ilvC, pyrF, pyrD, purC, thrC, metA, cysK, lysC) To validate the Tn-seq results, we performed coinoculation experiments in chicory leaves 310 with the wild type strain and various mutants in genes conferring a growth advantage, a 311 growth defect or no fitness benefit in a 1/1 ratio. We calculated a competitivity index (CI) by 312 counting the number of each type of bacteria in the rotten tissue after 24 h. We found a 313 correlation between the competitivity index of mutants with the log 2 FC of the corresponding 314 genes with a Pearson coefficient of 0.50 (Fig. 6) , indicating that Tn-seq is a reliable technique 315 to identify genes involved in plant colonization and virulence. Additional validations were 316 performed by inoculation of uncharacterized leucine and cytosine auxotroph mutants in 317 chicory leaves which confirmed that these mutants are unable to grow in plant and are thus 318 avirulent ( Fig S4) . This includes all the proteins secreted by the type II secretion system and small molecules 326 such as siderophores and butanediol. Other categories of genes were not found: for example, 327 no genes involved in response to acidic or oxidative stresses were identified. Chicory has 328 been described as an inadequate model to study the response of D. dadantii to oxidative 329 stress. Similarly, the type III hrp genes were not identified in our study. The Hrp system is Our results give also some information on the metabolic status of the plant. The amount of 335 nucleic acids and of the amino acids cysteine, leucine, methionine, threonine and isoleucine is 336 too low in chicory to allow the multiplication of mutant bacteria. Some enzymatic steps 337 involved in their synthesis are specific to bacteria and fungi. Thus, they could be good target Bacterial strains and growth conditions. Bacterial strains, phages, plasmids and 348 oligonucleotides used in this study are described in Table S1 . D. dadantii and E. coli cells 349 were grown at 30 and 37°C respectively in LB medium or M63 minimal medium 350 supplemented with a carbon source (2 g/L). When required antibiotics were added at the 351 following concentration: ampicillin, 100 µg/L, kanamycin and chloramphenicol, 25 µg/L.
352
Media were solidified with 1.5 g/L agar. Transduction with phage PhiEC2 was performed 353 according to [54] . The motility of each mutant was compared with that of the wild-type strain 354 on semisolid (0.4%) LB agar plates as previously described [55] .
355

Construction of the transposon library 356
Five mL of an overnight culture of D. dadantii strain A350 and of E. coli MFDpir/pSamEC 357 were mixed and centrifuged 2 min at 6000 g. The bacteria were resuspended in 1 mL of M63 358 16 medium and spread onto a 0.45 µm cellulose acetate filter placed on a M63 medium agar 359 plate. After 8h, bacteria were resuspended in 1 mL M63 medium. An aliquot was diluted and 360 spread onto LB agar + kanamycin plates to estimate the efficiency of mutagenesis. The other 361 part was inoculated in 100 mL of LB medium + kanamycin and grown for 24 h at 30°C. To 362 confirm that the bacteria that grew were D. dadantii strains with a transposon but without 363 plasmid pSamEC, we checked that all the grown bacteria were kan R , amp S and 364 diaminopimelate (DAP) prototrophs (MFDpir is DAP -). The bacteria were frozen in 40% 365 glycerol at -80°C and represent a library of about 300 000 mutants.
366
DNA preparation for high-throughput sequencing 367 An aliquot of the mutant library was grown overnight in LB medium + kanamycin. To demultiplexing, the total number of reads was comprised between 18 and 31 millions ( Table   403 1).
405
Bioinformatics analysis: 406 Raw reads from the fastQ files were first filtered using cutadapt v1.11 [56] and only reads 407 containing the mariner inverted left repeat (ACAGGTTGGATGATAAGTCCCCGGTCTT) 408 18 were trimmed and considered bona fide transposon-disrupted genes. Trimmed reads were 409 then analyzed using a modified version of the TPP script available from the TRANSIT 410 software v2.0.2 [29] . The mapping step was modified to select only reads mapping uniquely 411 and without mismatch in the D. dadantii 3937 genome (Genbank CP002038.1). Then, the 412 counting step was modified to accurately count the reads mapping to each TA site in the 413 reference genome according to the Tn-seq protocol used in this study. Read counts per 414 insertion were normalized using the LOESS method as described in [57] . We next used the 415 TRANSIT software (version 2.0) to compare the Tn-seq datasets. Each leaf was inoculated with 10 6 bacteria. Length of rotten tissue was observed after 24h. 509 510
